Heteroatom doping can endow graphene with various new or improved electromagnetic, physicochemical, optical, and structural properties. This greatly extends the arsenal of graphene materials and their potential for a spectrum of applications. Considering the latest developments, we comprehensively and critically discuss the syntheses, properties and emerging applications of the growing family of heteroatom-doped graphene materials. The advantages, disadvantages, and preferential doping features of current synthesis approaches are compared, aiming to provide clues for developing new and controllable synthetic routes.
Introduction
In the past decade, we have witnessed immense progress in graphene research since the first isolation of this ''wonder material''. Graphene has been changing the landscape of many fields in science and technology, particularly condensed matter physics, 1,2 electronics, 3,4 energy storage and conversion, [5] [6] [7] and biomedical research. [8] [9] [10] Tremendous efforts are still ongoing to uncover the full potential of graphene and its derivatives. The fascinating properties of pristine graphene (singleatom-thick layer of sp 2 bonded carbon atoms tightly packed into a 2D honeycomb lattice) are now largely understood and well-recognized through extensive research in the past years. [11] [12] [13] Although the lack of intrinsic bandgap and catalytic abilities seems to greatly limit the practical applications of pristine graphene, the legend of this 2D material is going to continue owing to its structural transformability and highly tunable properties. As recently demonstrated, new properties and application opportunities arise when graphene transforms from its native 2D structure to 0D (graphene quantum dots), 14-17 1D (graphene nanoribbons) 18, 19 or 3D (graphene foam) structures. 
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In addition, the physicochemical and electronic properties of graphene can be drastically altered by molecular and atomic doping.
Tailoring graphene properties by interacting molecules, which either donate or withdraw free electrons, has been demonstrated in many studies and discussed in recent review articles. [23] [24] [25] Herein, we focus the discussion on the doping of graphene with various heteroatoms (oxygen, boron, nitrogen, phosphor, sulfur, etc.), i.e., the graphitic carbon atoms are substituted or covalently bonded by foreign atoms. Although several review articles focusing on specific dopants or particular applications have been published, 26 -29 a more comprehensive and comparative review on this important and quickly evolving topic is necessary. In this article, the synthesis methods, properties and applications of graphene materials doped with various heteroatoms are reviewed extensively. We aim to cover the latest developments, underscore physical mechanisms, highlight unique application-specific advantages conferred by doping, and provide insightful comparison between doped and pristine graphene, different synthesis routes, different dopant atoms, and different doping configurations.
Synthesis methods
A large variety of methods have already been developed for the synthesis of graphene materials, from which various doping strategies could be derived. The current methods for heteroatom doping can be categorized into in situ approaches and posttreatment approaches. In situ approaches, which simultaneously achieve graphene synthesis and heteroatom doping, include chemical vapor deposition (CVD), ball milling, and bottom-up synthesis. Post-treatment methods include wet chemical methods, thermal annealing of graphene oxides (GO) with heteroatom precursors, plasma and arc-discharge approaches. In this section, these methods are discussed and compared in detail (Table 1) .
2.1
In situ doping 2.1.1 Chemical vapor deposition (CVD). Many CVD methods have been developed to synthesize large, continuous, defect-free, single-or few-layered graphene films. The catalytic growth mechanism makes it a convenient route to dope heteroatoms during the formation of graphene films, particularly to incorporate heteroatoms directly into the graphitic carbon lattices. Wet chemical method GO + hydrazine 4.5 at% N Amenable to low-cost, low-temperature, solution-based mass production; easily achieve doping and decoration (e.g., with various nanoparticles) simultaneously; conveniently form 3D gel structure. In comparison with the use of multiprecursors, a single precursor, containing both C and alien atom is believed to be more convenient and controllable. For instance, homogeneous B-doping on a graphene monolayer was produced using phenylboronic acid as the sole precursor, without significantly compromising the transmittance and conductivity of the graphene film. 36 Pyridinic and pyrrolic N-doped graphene was synthesized using acetonitrile as the only precursor, 37 while pyridinic N-doped graphene was CVD-grown, using pyridine as the sole source. 38 Heteroatom-containing polymers (sometimes embedded in the polymeric carrier matrix) can be directly vapor-deposited or spin-coated atop the metal catalyst for graphene growth and in situ doping. Such processes are safer without the use of high-temperature gases and can achieve patterned doping. In the work of Kwon et al., pyrrole monomers vapored on a Cu substrate were polymerized by the presence of Cu 2+ ions, followed by CVD growth (Fig. 1b) . 39 The obtained N-doped few-layered graphene contains 3.14 at% N with dominating pyrrolic N probably inherited from the polypyrrole precursor. Sun et al. directly spin-coated the mixture of N-rich melamine and PMMA on a Cu substrate for the growth of N-doped graphene at 1000 1C under atmospheric pressure, reaching a doping level of 2-3.5 at%. 40 It is known that melamine can evolve into two-dimensional graphene-like graphitic carbon nitride (g-C 3 N 4 ). 41 Although the configuration of N-doping is mainly graphitic, the mobility of the obtained N-graphene is poor (o10 cm 2 V À1 s À1 ). 40 A gaseous precursor is the most commonly used, for which the doping level can be readily controlled by the flow rates (and thus, the percentage ratio between the gaseous reactants). Further, Wei et al. firstly reported the experimental synthesis of N-doped graphene with CH 4 and NH 3 as the C and N sources, respectively. 42 The growth temperature and the ratio between CH 4 and NH 3 exert a considerable influence on the bonding structure of doped nitrogen. The few-layered N-graphene synthesized at 800 1C enjoys a high N level of 8.9 at%, among which graphitic N is the dominant species (as compared to the co-existing pyridinic and pyrrolic N), 42 whereas N-doped graphene synthesized at 1000 1C exhibits dominating pyridinic N and a small fraction of pyrrolic N. 43 Fluorine gas (F 2 ) and F-containing compounds are toxic and too reactive at high temperatures. Therefore, to the best of our knowledge, there is still no report on the synthesis of F-doped graphene using the CVD method. Further, it is energetically unfavorable to incorporate large-sized atoms (e.g., silicon, Si; phosphorus, P; sulfur, S; chlorine, Cl; iodine, I) into graphene. Gao et al. demonstrated the CVD growth of S-doped graphene on a Cu substrate using sulfur powder dissolved in hexane as the precursor. 44 However, the S-doping level is extremely low (o0.6 at%), likely in the form of -C-S-C-and preferably at the defect sites due to the lowered binding energy. Xu et al. synthesized N, S co-doped graphene at a relatively low temperature of 700 1C using pyrimidine (N, C source) and thiophene (S, C source) as the precursors. 45 N and S atoms in the co-doped graphene are uniformly distributed with the doping levels of 3.7 to 5.7 at% and 0.7 to 2.0 at%, respectively. Apart from the -C-S-C-bonding configuration, -C-SO x -C-is also speculated to exist. I-doped graphene was also made using the CVD method, where an iodine and camphor mixture was evaporated and pyrolyzed on a nickel substrate at 800 1C for 3 min. 46 All the I atoms (3.1 at%) are doped via ionic bonding in aggregated forms (e.g., I 3 À and I 5 À ).
Ball milling.
CVD approaches, however, involve high costs, which are only suitable for synthesizing thin-film graphene and not amenable to mass production. In comparison, ball milling is an effective way to massively produce graphene nanosheets at low cost by delaminating graphite and cracking the C-C bonds. It provides the unique possibility for graphene doping. The freshly formed active carbon species (e.g. carboradicals, carbocations and carbanions) at the edges can readily react with the dopants via mechanochemistry. Such an edgeselective functionalization process preserves the excellent crystallinity of the graphene basal plane (and thus, the electronic properties of graphene). 47, 48 By ball-milling graphite under N 2 atmosphere over 48 h, Jeon et al. successfully fixed uncleaved N 2 at the broken edges of graphene nanoplates with a high nitrogen content of 14.84 wt% (weight percentage) (Fig. 2a) . 49 They proposed that aromatic 5-membered pyrazole and 6-membered pyridazine rings are energy-favorably formed at zigzag and armchair edges, respectively ( Fig. 2b and c) . It is more likely to form zigzag edges due to the larger density of states near the Fermi level than that of the armchair edges. 50 However, the stability of the 5N ring at the zigzag edges is inferior to the 6N ring at the armchair edges. In addition, the entropy gain from the grain size reduction and enthalpy increase from the edge functionalization facilitate the dispersion of graphene nanoplates in various polar solvents (e.g. water, methanol, isopropyl alcohol, DMF and NMP). 51, 52 This is desirable for further solution-based processes. Edge-sulfurized graphene nanoplatelets (SGnP) were also prepared by ball milling graphite in the presence of sulfur (S 8 ) with uniformly-distributed sulfur elements at a level of 4.94 at%. 53 Similarly, halogen atom-doped graphene nanoplates (ClGnP, BrGnP and IGnP) were synthesized in the presence of chlorine (Cl 2 ), bromine (Br 2 ) or iodine (I 2 ), respectively. 51 The decreasing doping levels (Cl at 5.89, Br at 2.78, and I at 0.95 at%) correlate with the decreasing chemical reactivity and increasing size of these elements. Analogous to ball milling, the N-doping of graphene was achieved by means of mechanically exfoliating graphene sheets by scotch-taping graphite in a nitrogen ambience. 50 The freshly generated edges were immediately passivated by nitrogen. Because doping and defects were absent in the basal plane, high mobility of 5000 cm 2 V À1 s À1 was measured.
2.1.3 Bottom-up synthesis. Wurtz-type reductive coupling (WRC) reaction has been proposed as a bottom-up method for the preparation of high-quality heteroatom-doped graphene. By reacting tetrachloromethane (CCl 4 ) with potassium (K) in the presence of boron tribromide (BBr 3 ) under a mild condition (210 1C, for 10 min), B-doped few-layer graphene was successfully synthesized with a doping level of 2.56 at%, which could be tuned by adjusting the amount of B precursors. 54 Similarly, the gram-scale of N-doped graphene (4.5-16.4 at%) was synthesized from lithium nitride (Li 3 N) and CCl 4 at 120 1C for 12 h or cyanuric chloride mixed with Li 3 N and CCl 4 at 350 1C for 6 h. 55 Graphitic N is prominent in the former reaction, while pyridinic and pyrrolic N are prevalent in the latter. Pyridinic N-and graphitic N-doped graphene was obtained by reacting pentachloropyridine with potassium at 160 1C. 56 Three reaction steps have been proposed for the formation of B/N-doped graphene ( Fig. 3 ): (1) striping off halogens from halides; (2) the coupling and assembly of freshly formed -CQC-and -CQB/Ninto two-dimensional hexagonal carbon clusters; and (3) the growth of B/N-doped graphene from these clusters. 54 Doping level can be readily controlled by the amount of heteroatom precursors for the WRC reaction. In comparison with CVD growth, it does not require transition metal catalysts, but high oxygen content will be unavoidably introduced. 57 Peng et al. developed a different strategy to synthesize N-doped graphene-like sheets by annealing the mixture of PANI and melamine with the addition of Fe 3+ ions at 900 1C. 58 Fe is believed to catalyze the formation of a sheet structure.
2.2 Post-synthesis treatment 2.2.1 Thermal annealing. Graphene oxides (GO) prepared by chemical exfoliation approaches can be regarded as O-doped graphene materials. The abundant oxygen functional groups and defects on GO can act as reactive sites for the doping of other heteroatoms. The thermal annealing of GO or reduced GO (rGO) at high temperatures is effective to recover the sp 2 carbon network and simultaneously achieve heteroatom doping with the presence of appropriate precursors. For instance, by annealing rGO in BCl 3 and Ar atmosphere at 800 1C for 2 h or in NH 3 and Ar atmosphere at 600 1C, B-doped (0.88 at%) or N-doped (3.06 at%) graphene was obtained. 59 Under such low annealing temperatures, only pyridinic and pyrrolic N are formed. Different from the samples prepared by CVD, B atoms are doped in the form of BC 3 and BC 2 O, which may be due to the high oxygen content on rGO. A higher temperature is favorable for the formation of B-C bonding rather than B-O bonding.
60
N-doping is more commonly obtained by annealing GO under high-purity ammonia gas (NH 3 ), which is not only a nitrogen source but even a more effective reducing agent than H 2 .
61
It is unambiguous that temperature is a key factor to determine the N-doping efficiency and bonding configuration. Annealing GO in low-pressure NH 3 /Ar atmosphere at different temperatures (from room temperature to 1100 1C), Li et al. found that N doping starts to occur at 300 1C and reaches the highest doping level of B5 at% at 500 1C. 61 It is proposed that 500-600 1C is optimal for the overall stability of all the N species (amino, pyrrolic, pyridinic, and possibly graphitic N). 62 Using such temperatures, an even higher N-doping level of B8 at% was reported. 63, 64 At lower temperatures (300-500 1C), N bonding configurations include amino, amide, and pyrrolic N. The amino groups dominate as amino free radicals from ammonia react with the oxygenated groups on GO. In contrast, pyridinic and pyrrolic N are dominant at a temperature of 4800 1C. [65] [66] [67] [68] At a further elevated temperature, some pyridinic and pyrrolic N may be burnt by oxygen released from GO, leading to a decrease in the N content. 66 It was reported that annealing at 1100 1C for a long time promotes the formation of graphitic N in the carbon lattice.
67
These observations are consistent with the thermal stability of different N bonding configurations: graphitic N 4 pyridinic N 4 pyrrolic N. Moreover, Dai et al. demonstrated B,N co-doped graphene by simply thermally annealing GO in the presence of boric acid and NH 3 at 1000 1C. 69 They also suggested that the increase of annealing time facilitates the formation of BN clusters. In addition to the annealing temperature, the doping efficiency and configuration also critically depend on the chosen precursor(s) (Fig. 4) . 70 In addition to NH 3 P-doping (1.16 at%) equally exists in the two bonding configurations: P-C and P-O. To avoid aggregation during the annealing process and ensure free gas transport, Yang et al. used porous silica to confine GO sheets for N-or S-doping (Fig. 5) . 77 It was found that S-doping (1.2-1.7 at%) is less effective than N-doping, and S-doping occurring at the defect sites forms thiophene-like structure. The properties of GO (the abundance and composition of oxygenated groups) and chosen S-source (H 2 S, SO 2 or CS 2 ) exert great influences on doping. 78 Seredych et al. doped S into graphene by heating rGO in H 2 S at 800 1C and 3 at% of S was introduced in the thiophenic groups and aromatic rings. 79 The XPS analyses indicate that neutral S, -SH, -S 2 -O-and -SOco-existed in the resultant materials. The solid precursors normally used for S/Se doping include diphenyldisulfide (DDS), 80 phenyl disulfide (PDS), 81 benzyl disulfide (BDS), 82, 83 and diphenyl diselenide (DDSe). 80, 82 Using BDS and melamine as the precursors, N,S co-doped graphene was produced with 2.0 at% of S and 4.5 at% of N. 83 For halogen doping, Poh et al. successfully synthesized Cl-, Br-and I-doped graphene (with the doping levels of 5.9, 9.93 and 2.31 at%, respectively) by the thermal exfoliation/reduction of graphite oxide in halogen gas atmosphere. 84 Considering the poor thermal stability of halogen-doped graphene, the doping process is conducted in a vacuum tight reactor with rapid temperature ramping/cooling rates. Similar to CVD processes, I-doping by this thermal process also relies on ionic bonding. The conductivity of Cl-graphene, Br-graphene and I-graphene increases in this order. On the other hand, their thermal stability decreases in the order in oxygen (but opposite in argon). Alternatively, Yao et al. prepared I-graphene by annealing GO and iodine in argon. 85 With the increase of temperature from 500 to 1100 1C, the content of I decreases from 1.21 to 0.83 wt%.
Wet chemical methods.
We have discussed a number of doping strategies above. However, most of these methods require complex procedures and/or harsh conditions, low yield, or high cost. Therefore, efforts have been made to develop lowcost methods for the mass-production of doped graphene materials in the solution phase. Because of its amphiphilic property, GO can be well-dispersed in water and various solvents, and the oxygen functional groups on its surface provide convenient chemical handles for reaction with heteroatom precursors. Hydrazine has been used for simultaneous GO reduction and N-doping in solution. 86, 87 Ruoff's group reported that by hydrazine reduction, five member pyrazole rings with N 2 moiety form at the edges of a GO sheet. 88 Ammonia solution (NH 4 OH) is another widely adopted N precursor due to its high reactivity at relatively low temperatures (e.g. 80 1C). 89, 90 Urea, 91 hexamethylenetetramine, 92 dicyandiamide, 93 and hydroxylamine 94 can also serve as precursors for N doping because their decomposition leads to the gradual release of NH 3 during a hydrothermal process. The slow release of reactive NH 3 is desirable for high doping levels. Taking advantage of this, Sun et al. synthesized N-graphene (10.13 at% doping) using urea. 91 They proposed that NH 3 continually reacts with the oxygen functional groups of GO (e.g. -COOH, -OH) for the initial formation of amide and amine intermediates, which then instantaneously reorganize by dehydration and decarbonylation to form more stable pyridine-and pyrrole-like structures (Fig. 6a) . Graphitic N can form by increasing the reaction time resulting from the cyclization rearrangement (Fig. 6b) . Su et al. used NH 4 SCN, which decomposes into highly reactive species (NH 3 , H 2 S, CS 2 ) under hydrothermal condition, for N,S co-doping on GO. 95 The homogeneous doping of S (12.3 at%) and N (18.4 at%) is achieved. N exists in pyridinic (64%) and graphitic (36%) forms, while S mainly dopes at the defect sites and edges in the form of -C-S n -C-(n = 1 or 2, 55%), -CQS-(35%) and other moieties (e.g. -SO n -, -SH). Garrido et al. Halogen-doped graphene can also be obtained by the liquidphase exfoliation (e.g., sonication) of graphite halide. 97, 98 However, the doping level cannot be tuned using such methods, and it is usually challenging to make a large amount of halogenated graphite except fluorinated graphite. Recently, Zheng et al. developed an interesting microwave-spark method to synthesize Cl-and Br-doped graphite in the presence of liquid chlorine and bromine, which could then be easily exfoliated into single-layered Cl-/Br-doped graphene sheets via sonication (Fig. 7) . 99 Under the luminous microwave-sparks, active graphite flakes generated by a short temperature shock can react with halogen precursors. Subsequent rapid temperature decrease quenches the reaction and prevents the thermal decomposition of the resultant materials. The obtained graphene sheets contain high percentages of covalently bonded Cl and Br (21 at% and 4 at%, respectively). Different from GO, the resulting dopedgraphene is strongly hydrophobic and disperses well in organic solvents (Fig. 7) . Using wet chemical methods, heteroatoms have also been doped on 3D graphene gels, having a large surface area and macroporous structure. 94, 95, 100, 101 For example, Wu et al.
employed ammonia boron trifluoride (NH 3 BF 3 ) for the co-doping of B and N. 101 The simultaneous reduction and self-assembly of GO sheets under the hydrothermal condition in addition to the subsequent freeze-drying process cause the formation of B,N-doped rGO aerogel. Solution-based doping processes also permit the simultaneous decoration of various functional nanomaterials (e.g. metallic nanoparticles, 102 metal oxide nanoparticles [103] [104] [105] [106] [107] ). The doped heteroatoms facilitate the nucleation and anchoring of these nanoparticles.
Other approaches.
With a short reaction time and low power consumption, plasma treatment is an effective method for heteroatom doping. Jeong et al. successfully achieved N doping in N 2 plasma (500 W in power, 14 Torr of N 2 gas) using H 2 -plasma treated GO as the starting material (Fig. 8a) . 108 A large number of defect sites produced from the H 2 plasma reduction process improve the effectiveness of N doping on the graphene basal plane. N-doping level and bonding configurations can be tuned by varying the aging time in N 2 plasma. The maximum N content of 2.51 at% was obtained after a 3 min plasma treatment. During the plasma process, pyrrolic N that preferably forms at the defect sites continuously increases, while graphitic N decreases and pyridinic N remains steady. NH 3 plasma is more reactive than N 2 plasma. 109, 110 However, the level of N-doping attainable by plasma treatment is generally less as compared to other doping methods. Plasma technique is particularly effective for halogen atom doping because halogen atoms are highly reactive. Wu et al. demonstrated plasma-assisted chlorine-doping on CVD graphene at a low power, without the generation of considerable defects.
111
A Cl coverage of 8.5 at% and conductance enhancement due to the p-doping effect were observed. By tuning the plasma conditions (reaction time, dc bias, vacuum level, etc.), Zhang et al. achieved extremely high Cl-doping of 45.3 at% (close to C 2 Cl) on CVD graphene. 112 The C/Cl ratio and bonding states (C-Cl interaction through ionic bonding, covalent bonding, and defect creation) are sensitive to the DC bias applied. Li et al. developed a photochemical method for homogeneous and patternable Cl-doping on graphene (Fig. 8b) . 113 Under the xenon lamp radiation (maximum power density of 1.4 W cm
À2
), chlorine molecules split into highly reactive radicals, which, in turn, covalently conjugate to the basal carbon atoms of graphene. Homogeneous doping (B8 at%) was verified by Raman mapping. Interestingly, doped-graphene becomes more transparent due to the widening of the graphene bandgap.
The arc-discharge approach is another technique to create reactive heteroatom radicals for graphene doping. Li et al. prepared N-doped multi-layered graphene sheets (1 at%) by DC arc-discharge using NH 3 as the buffer gas.
114 NH 3 not only acts as a N precursor but also suppresses the formation of fullerenes by terminating the edge-sited dangling C bonds with the decomposed reactive hydrogen. In addition to NH 3 , H 2 along with B 2 H 6 , boron-stuffed graphite and H 2 along with pyridine have also been utilized as the heteroatom precursors in arc-discharge processes for the synthesis of B-and N-doped graphene (but with low doping levels o3 at%). 115 Shen et al. developed a direct-current arc-discharge method for the preparation of F-doped multilayered graphene sheets. 116 A hollow graphite rod filled with powdery graphite fluoride was used as the anode and a discharge current of 140 A was applied. The resultant F-graphene is super-hydrophobic containing B10 wt% fluorine. While dealing from low doping levels and difficulty in obtaining single-layered doped graphene, the feasibility for the massproduction and preservation of high crystallinity of graphene are the main advantages of arc-discharge techniques.
Properties of heteroatom-doped graphene
The invasion of heteroatoms into the perfect hexagonal carbon sheet of pristine graphene will inevitably cause structural and electronic distortions, leading to alterations (sometimes drastically) of graphene properties, including thermal stability, charge transport, Fermi level, bandgap, localized electronic state, spin density, optical characteristics, and magnetic properties. Depending on the type of dopants (with particular valence and size) and their bonding configurations, new or improved properties may arise and be beneficial for particular applications. A good understanding on how graphene properties can be tailored by heteroatom doping is critical for researchers to design and discover novel functionalities of graphene materials, and therefore, further extend the range of their applications.
Group IIIa element (B)
Boron (2s 2 2p 1 ), which is the neighboring element to carbon (2s  2 2p 2 ) with only one less valence electron, is highly amenable for graphene doping. In-plane substitutional doping (i.e. in-plane BC 3 ) is the most stable when compared with out-of-plane bonding ( Fig. 9a) . 117 As the B atom forms sp 2 hybridization in the carbon lattices, the planar structure of graphene is retained. However, the charge polarization exists between neighboring C atom and electron-deficient B atom. In addition, the lattice parameters are slightly altered because a B-C bond (B1.50 Å) is longer than a C-C bond (1.40-1.42 Å) in pristine graphene.
117-119
With lower induced strain energy, homogeneous substitutional B-doping is easier to achieve when compared with in-plane N-doping. 120, 121 Despite the bond length expansion, the strong B-C bond ensures minimal compromise to the excellent mechanical properties of graphene. 122 On the other hand, B-doping introduces significant destructive effect on the thermal conductivity of graphene. Only 0.75 at% of B atoms can reduce more than 60% thermal conductivity of graphene. 122 In contrast to graphitic B-doping, the bonding of B atoms at the vacant sites will create structural distortion (thus significant changes in the properties). Ab initio DFT/GGA-simulations were performed to study the situation of filling a divacancy with a B atom. 119 The results suggest a new type of structural rearrangement-a symmetric disposition with a tetrahedral-like BC 4 unit, wherein all the dangling carbon atoms are saturated (Fig. 9c ). Such special fourfold coordination configuration distorts the planar structure of graphene. Heteroatom doping offers possibilities for tailoring the electronic properties of graphene. The electron-deficient nature of B induces a p-doping effect accompanied with a downshift of the Fermi level towards the Dirac point (Fig. 9b) . 117 It has been predicted that the Fermi level decreases to B0.65 eV with 2 at% graphitic B and even more at higher doping levels. 121 Scanning tunneling microscopy (STM) and theoretical simulations show that B-doping pulls more density of states (DOS) above the Fermi level because of the hole-doping effect. 118, 123 It has been shown theoretically that a bandgap of 0.14 eV can be introduced by doping a B-atom into a 50-C-atom matrix, transforming graphene from a semimetal to a semiconductor. 117, 124 The symmetry breaking in the carbon lattice is believed to be responsible for the bandgap opening, which is maximized when the B-atoms are located at the same sublattice positions. Bandgap opening is also sensitively dependent on the doping concentration and the graphene thickness (number of layers).
117,125
First-principles calculations show that B or N substitution almost does not change the linear dispersion of the electronic bands within 1 eV of the Fermi level ( Fig. 9b ), meaning that B-or N-doped graphene inherits some intrinsic electronic properties of graphene. 117, 121 However, the anisotropy caused by B-doping is not sufficient to induce localized states, and thus magnetism. 119 As shown by a theoretical study, the remarkable transport properties of graphene are preserved even at a high substitutional B/N doping level of 4.0 at%. 126 However, the mobility of electrons and holes (and therefore, the conductivity) becomes asymmetric with respect to the Dirac point. This is supported by the experimental observation that B-doped CVD-graphene exhibits high carrier mobility of 800 cm 2 V À1 s À1 and a typical p-type conductive behavior with strong asymmetry in hole and electron conduction (Fig. 9d) . 36 The large Dirac point shift (B30 V) corresponds to a hole-doping concentration of B2 Â 10 12 cm À2 . The electrical conductivity of B/N-doped graphene increases with the dopant concentration in the low temperature region and decreases due to the elevated scattering effect from the impurity atoms in the high temperature region. 127 Considering the remarkable difference in the electronic properties between multilayer and single-layer graphene, Guillaume et al. investigated the influence of asymmetric substitutional B/N doping on bilayer graphene. 128 A smaller doping-induced Fermi level shift is observed in the bilayer because electrons and holes are shared by the neighboring carbon layers.
Group Va elements (N and P)
N is also a neighboring element to carbon in the periodic table.
The electron-rich nature of N (1s   2   2s   2   2p 3 ) makes N-doped graphene distinctly different from B-doped graphene. The possible bonding configurations of N dopants are shown in Fig. 10a . 129 As discussed in the Synthesis Methods section, mainly three N bonding configurations exist, i.e., graphitic (or quaternary), pyridinic and pyrrolic N. Because of the similar bond lengths of C-N (1.41 Å) and C-C (1.42 Å), pyridinic and graphitic N exert a marginal influence on the graphene structure. In contrast, sp 3 bonded pyrrolic N disrupts the planar structure of graphene. 130 Pyridinic N bonding configuration is the most stable in the presence of monovacancy, while pyridinic and graphitic N dominate in the presence of StoneWales and divacancy defects. 131, 132 The larger electronegativity of N (3.04 on the Pauling scale) than that of C (2.55 on the Pauling scale) creates polarization in the carbon network, thereby influencing the electronic, magnetic and optical properties of graphene. 133 N-doping opens a bandgap near the Dirac point by suppressing the nearby density of states (DOS), thereby conferring graphene with semiconducting properties (Fig. 10b) . 134, 135 The semiconducting behavior of N-doped graphene depends on the doping configurations. For graphitic N, three valence electrons of nitrogen form three s-bonds with the neighboring carbon atoms, one electron is engaged in a p bond formation, and the fifth electron is partially involved in the p*-state of the conduction band. Each graphitic N can contribute B0.5 electron to the p network of the graphene lattice, resulting in an n-doping effect. 136 In comparison, pyridinic and pyrrolic N form at the defects sites, and these defects impose the p-doping effect by withdrawing electrons from the graphene sheet (Fig. 10c) . 137 Liu et al. demonstrated graphitic N-dominated CVDgraphene with n-type behaviour and carrier mobility of 200-450 cm 2 V À1 s
À1
. 135 Li et al. further reported crossover behaviour from the p-type to n-type with an increasing N-doping level: even the dominant species are pyridinic and pyrrolic types. 138 Schiros et al. attributed this phenomenon to the hydrogenation of pyridinic and pyrrolic N, which transformed them from the p to n type. 137 Usachov et al. reported a bandgap opening of B0.3 eV and charge-carrier concentration of B8 Â 10 12 cm À2 induced by the 0.4 at% doping of graphitic N. 129 Sodi et al. theoretically showed that in contrast to doping at the basal plane, edge functional groups exert a marginal influence on the band structure of graphene. 139 As shown by Ouerghi et al., only 0.6 at% graphitic N-doping results in a large carrier concentrations of 2.6 Â 10 13 cm À2 (4 times higher than that of pristine graphene), while pyridinic and pyrrolic N exert little influence. 140 N doping has also been proven to be powerful in tuning the work function of graphene materials, which is instrumental for devices such as organic field effect transistors (OFETs) and light emitting diodes (LEDs). Schiros et al. calculated the work function of pristine graphene (4.43 eV) and graphene doped with graphitic (3.98 eV), pyridinic (4.83 eV), and hydrogenated pyridinic (4.29 eV) N. 137 The change of the work function is caused by the electron donating or accepting nature of each N-bonding configuration. Consistently, Kim and co-workers confirmed the reduction of the work function by graphitic N-doping using ultraviolet photoelectron spectroscopy. 141 Contradictory to the theoretical predication, Lin et al. showed that pyridinic N reduces the work function of CVD graphene. 142 This discrepancy could be due to the hydrogenation of pyridinic N. 137 More recently, the creation of a magnetic moment on graphene by heteroatom doping has attracted considerable research interest for spintronic applications. Due to the lack of nonbonding electrons, graphitic N is not able to generate a magnetic moment. Although both pyrrolic and pyridinic N have a non-bonding electron pair, only pyrrolic N can form p and p* states that lead to spin polarization. Therefore, pyrrolic N can create strong magnetic moments, while pyridinic N only has a weak effect. 143 . 145 When excited, the electrons of doped N can transfer energy to the p* state of the sp 2 cluster of GNF. Therefore, a larger amount of energy is released when electrons fall from the p* state back to the p state, leading to higher intensity PL (Fig. 11) . As demonstrated by Kim et al., pyrrolic, pyridinic and graphitic N result in the blue-shift of the PL peak, while only graphitic N is able to enhance the intensity. 146 However, Tang's group reported that with 3.05 at% pyridinic-N, the PL emission of rGO is quenched by 76%, possibly because of the intramolecular energy transfer between the doped N and graphene sheet. 147 As P is larger than N, P-doping causes more structural distortion. By transforming the sp 2 hybridized carbon into the sp 3 state, P can form a pyramidal like bonding configuration with three carbon atoms. In such a configuration, P overhangs from the graphene plane by 1.33 Å accompanied with 24.6% increase in the P-C bond length with respect to the C-C bond length of pristine graphene (Fig. 12a) . 148 Unlike N, the electronegativity of the P atom (2.19) is significantly lower than that of the C atom (2.55); 149 therefore, the polarity of the C-P bond is opposite to that of the C-N bond. Further, when compared with N-doping, distinct effects by P-doping may also arise from the additional orbital of P (3s 2 3p 3 ).
Hirshfeld population analyses show that P can transfer 0.21e to the graphene sheet 148 and graphitic N transfers 0.5e, suggesting the stronger ability of N for electron donation. 150 Contrarily, it has been shown that P-doped bilayer graphene exhibits prominent n-type behaviour with 5 times higher electron mobility than pristine bi-layer graphene, while N-doped bi-layer graphene shows a weaker n-type behavior and lower mobility than pristine graphene. 151 The same study also shows that unlike N-induced n-doping, the n-type behavior of P-doped graphene is retained in the oxygen atmosphere. The discrepancy between the theoretical prediction and experimental observation may be because N-doping from graphitic N is partially neutralized by the co-existing electron-accepting pyridinic and pyrrolic N. A theoretical investigation suggests that the bandgap opening positively depends on the P-doping concentration, and a bandgap of 0.3-0.4 eV is resulted with a P-doping level of 0.5 at%. 152 Similar to N-doping, P-doping can also induce a magnetic moment. Zhao et al. found that the magnetic moment of P-doped graphene is B1.02 m B due to the symmetry breaking of the graphene p-electron framework. 148 This value is in good accordance with the DFT calculations (1.05 m B ) reported by Dai and Yuan. 153 P-doping is more potent than N-doping in inducing magnetic moments.
Group VIa elements (O and S)
VIa group is also known as the oxygen family, among which, oxygen is the most electronegative element. The substitutional doping of an O atom is impossible because of its strong electronegativity and large size. Graphene oxide (GO), usually oxidatively exfoliated from graphite powder, is the most studied graphene derivative. Having epoxyl (C-O-C) and carbonyl (CQO) groups, GO and its reduced form (rGO) can be regarded as O-doped graphene. The covalent attachment of oxygen groups transforms sp 2 into the sp 3 hybridization state, accompanied by local distortions of the graphene planar structure. The extensive presence of localized sp 3 domains gives rise to a bandgap opening, 154, 155 and together with the defects, they make GO poorly conductive or non-conductive. Excellent hydrophilicity makes GO suitable for solution processes. It is generally assumed that a GO sheet bears hydroxyl and epoxyl groups on its basal plane and carboxyl and carbonyl groups at the edges. 156 As a non-stoichiometric compound, the properties of GO highly depend on the abundance and composition of different types of oxygen groups, which are specific to synthetic processes and post-synthesis treatments. 13, 157 Intriguingly, the chemistry of GO changes in the ambient condition, for example, epoxyl groups may evolve to hydroxyl groups in the presence of hydrogen. [158] [159] [160] The acidic and oxidative nature of abundant oxygen functionalities allow GO to function as a mild and green oxidant and catalyst. For example, GO has been reported to be capable of oxidizing substituted cis-stilbenes to their corresponding diketones and facilitating an oxygen activation reaction. [161] [162] [163] As GO and rGO have already been thoroughly discussed in a number of review articles, 13, 164, 165 in this article, we emphasize more on other heteroatom doping. S shares similar doping configurations as O, e.g., C-S-C, C-SO x -C (x = 2, 3, and 4) and C-SH (Fig. 12b) . 82 The C-S bond length (1.78 Å) is B25% longer than that of the C-C bond. 166 Consequently, a curved carbon nanostructure (e.g., carbon nanotube) favors S-doping more than flat graphene. A theoretical study has proposed that S-doping on graphene occurs in two steps: the formation of defect sites and SQS bond rapture, and depending on the doping level, the resultant graphene sheet can become a small-band-gap semiconductor or more metallic than pristine graphene. 167 Poh et al. experimentally measured the resistivity of S-doped graphene thermally exfoliated from graphite oxide in the presence of S-precursor. 78 In general, S-doped graphene is more resistive than pristine graphene because of the free carrier trapping caused by sulfur and oxygen functionalities. Unlike B, N, and P, negligible polarization (or charge transfer) exists in the C-S bond because of the similar electronegativity of S (2.58) and C (2.55). 168 On the other hand, in contrast to the zero spin density of pristine graphene, the mismatch of the outermost orbitals of S and C induces a non-uniform spin density distribution on S-doped graphene, which consequently endows graphene with catalytic properties useful for many applications (e.g., oxygen reduction reaction, ORR). 82, 83 Using first-principles calculations, Jeon et al. found that covalently bonded S and oxidized S at both the zigzag and armchair edges of graphene nanoplates (SGnPs) obtained from ball milling can induce a significant spin density increase. 82 In addition, the oxidization of SGnPs further enhanced their catalytic activity, accompanied by 5-10 times increase of magnetic moments. The same study also showed that the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of graphene are strongly polarized by edge-sited S dopants, leading to high catalytic activity towards ORR. In contrast to the extensive studies on O-and S-doping, there are only a few reports on Se-doping. 80 The properties of Se-doped graphene remain largely unexplored.
Group VIIa elements (F, Cl, Br and I)
As is well known, halogens possess higher reactivity than group IIIa-VIa elements. As halogen-doping transforms sp 2 carbon bonding to the sp 3 state, it results in drastic distortions in the geometric and electronic structures of graphene. As F is one of the most reactive elements, F-bonding is strong and inert. The F-C bond in F-doped graphene sticks out the basal plane (Fig. 13a ), 111 and it stretches the C-C bond length to 1.57-1.58 Å. 169 Firstprinciples calculations suggest that the high affinity of F towards C enables the negative chemisorption energy of F on graphene even at the full coverage of F atoms ([CF] n , which is called fluorographene). 170 For fluorographene, F is covalently bonded to sp 3 C, and the graphene sheet is buckled as the F attachment alternates on both the sides of the graphene sheet (i.e., basal plane is sandwiched by two F-layers). Fluorographene has attracted a great deal of attention because of its extraordinary mechanical strength, high thermodynamic stability and superb chemical inertness. 169, 170 These properties promise the use of fluorographene, for example, as a lubricant and battery additive. Fluorographene is the thinnest insulator because of its wide bandgap of B3 eV, resulting from a high degree of sp 3 bonding of carbon atoms (Fig. 13b) . 169, 171, 172 F-doped graphene can be employed as semiconductors with a bandgap tunable by the F-coverage 98 and with luminescence ranging broadly from the ultraviolet to visible light regions. 173 Obtained by exposing only one-side of CVD graphene to xenon difluoride, single-sided F-doped graphene (25% F coverage, C 4 F) is optically transparent with a bandgap of 2.93 eV and over 6 orders of increase in resistance when compared with pristine graphene. 171 Further, F-doping increases the hydrophobicity of graphene.
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In the case of Cl-doped graphene, ab initio simulations show that Cl atoms on graphene have a lower binding energy and longer bond length than that of F and H, suggesting that the covalent Cl-C bond is less stable than C-F and C-H bonds (Fig. 14a-c) . 111 Because of the long bond length, Cl-doped graphene (1.1-1.7 nm) is thicker than F-doped graphene.
113
In addition to the similar bonding arrangement as F (Fig. 13a) , Cl can interact with C via forming charge-transfer complex, covalent bonding, and physical absorption as suggested by DFT calculations. 130 Further, 25% coverage of covalently bonded Cl (C 4 Cl) creates a bandgap of 1.4 eV. At full coverage of Cl, Br and I, non-covalent interaction is more stable. 174, 175 The full coverage of Cl (like fluorographene) is controversial. It has been theoretically proposed that alternative covalent bonding on both the sides allows full Cl coverage: even at full coverage, the graphene bandgap is only opened to B1 eV (Fig. 13b) . 169 However, Sahin et al. reported that the dense decoration of Cl on a graphene surface leads to the desorption of Cl in the form of Cl 2 due to a stronger Cl-Cl interaction. 176 Cl is a p-dopant (Fig. 14d) . Zhang et al. successfully synthesized Cl-doped graphene with a high Cl coverage of 45.3% (close to C 2 Cl), which was stable over one week under ambient conditions. 112 Hall-effect measurements reveal the p-doping effect and a high hole concentration of 1.2 Â 10 13 cm
À2
(increase of B3 times) (Fig. 15) 112 In addition, Cl-doping enhances the conductivity of graphene by 2 times (Fig. 15 ).
Owing to the low binding energy, Cl-doping and Br-doping start to decompose at a low temperature (o400 1C) and completely evaporate at a temperature of 4600 1C.
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In contrast to the extensive research efforts spent on F-and Cl-doping, there are only a few theoretical and experimental reports on Br-or I-doped graphene. This is due to the thermodynamic instability correlated with their large sizes and low electronegativity (F = 3.98, Cl = 3.16, Br = 2.96 and I = 2.66). Unlike F and Cl, large-sized halogen atoms (Br and I) are likely to interact with graphene only via physisorption or chargetransfer complex formation, without disrupting the sp 2 carbon network. 174, 177 As shown in Fig. 13b , brominated graphene is an indirect gap material with almost zero bandgap. In comparison, hydrogenated, fluorinated and chlorinated graphene materials are direct bandgap materials. 169 Further, DFT studies reveal the metallic behaviors of Br-or I-doped graphene materials. 169, 174 The electronegative and chemically reactive properties of I facilitate its easy aggregation to form linear polyiodide anionic species (e.g. I 3 À and I 5 À ) on the graphene surface.
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Other dopants
Graphene hydrogenation via sp 3 C-H bond can transform zero bandgap graphene into a wide-gap semiconductor. 178, 179 Many studies have been conducted on the structural, electronic and magnetic properties of fully or partially hydrogenated graphene. [180] [181] [182] However, because of the small difference in the electronegativity between C and H, the C-H bond is essentially non-polar, and therefore, non-reactive. This largely limits the practical applications of hydrogenated graphene materials. The doping of metallic atoms has rarely been demonstrated experimentally. This is probably because the binding energy between these elements with graphene is much lower than their cohesive energy. Consequently, they tend to form clusters instead of being uniformly doped on the graphene surface. 183 In addition, large-sized metal atoms can create a larger local curvature, favoring the chemisorption of small molecules from the ambience (e.g., H 2 O, O 2 , NO), which greatly limits the practical applications of such doped graphene. 184, 185 Silicon (Si), which belongs to the same group as C, is a tetravalent metalloid. The much longer bond length of Si-C (1.75 Å) with respect to the C-C bond forces the Si atom to protrude from the graphene plane, accompanied with remarkable distortion of the graphene planar structure. The created disorders make Si-doped graphene promising as a metal-free catalyst for CO oxidation, 186 ORR, 187 NO and NO 2 reduction. 188, 189 However, the experimental reports on Si-doped graphene are rare. This may, at least in part, be attributable to the strong chemisorption of the ambient molecules, 190 which unavoidably change the intrinsic properties of Si-doped graphene.
Co-doping
The co-doping of multiple species of foreign atoms may generate new properties or create synergistic effects. B and N atoms are similar in size and produce opposite doping effects on graphene. While being simultaneously doped onto graphene, boron nitride (BN) domains tend to form due to the phase separation between C and BN (Fig. 16a) . 33, [191] [192] [193] [194] This is attributed to the larger binding energy of B-N and C-C than that of B-C and N-C bonds. B,N co-doping leads to four bonding configurations, i.e. C-C, B-N (dominating form), C-B and C-N with bond lengths of 1.42 Å, 1.45 Å, 1.49 Å and 1.35 Å, respectively. 193 Strong charge polarization exists between B and N, 193, 195 which yields active surface chemistry. The thermal stability of B,N co-doped graphene is lower than N-doped graphene, but higher than B-doped graphene. 35 The co-doping of B and N on graphene by CVD produces a sp 2 hybridized hexagonal lattice with BN domains (B/N ratio = 1) surrounded by graphitic domains. 33 The conductivity of such films (h-BNC) is tunable from insulating to highly conductive depending on the C percentage (Fig. 16b) . Similar to previously reported BC 2 N thin-film, 196, 197 h-BNC exhibits a p-type semiconducting behavior with electron and hole mobility of 5-20 cm 2 V À1 s À1 (Fig. 16c) . The reduced mobility is attributed to the electron scattering at the boundaries between BN and C domains. Based on the temperature-dependent resistivity of h-BNC (with 56 at% C), a small bandgap (18 meV) is predicted (Fig. 16d) . Asymmetric B,N doping (B 7.8 N 4.7 C 87.5 ) moderately increases the bandgap (0.49 eV) because of symmetry breaking. It has been shown that at an appropriate B/N ratio, the HOMO-LUMO energy gap of graphene may be reduced, leading to enhanced chemical reactivity. 69 Both B and N doping creates a bandgap at the Dirac point, but they shift the Fermi level in opposite directions. Uniform B,N co-doping (although it is difficult to experimentally realize) is believed to open a bandgap at the Dirac point without shifting the Fermi level. 193, 199, 200 As suggested by DFT studies, the opened bandgap increases with the size of the BN domains, regardless of their shapes. 195 In contrast, random and scattered distribution of foreign atoms is observed in the case of S,N or P,N co-doping. 45, 201 Crosstalks between the co-dopants may affect their bonding configurations. For example, the co-doping of P may promote the pyridinic bonding of N on graphene. 201 Pyrrolic N dominates in N-doped graphene, whereas the co-doping of S makes graphitic N dominant. 45 
Applications
Doping by a range of heteroatoms with varying configurations and doping levels endows graphene with a wide spectrum of new properties, for example, bandgap opening, charge polarization between heteroatom and C atom, magnetic moment, hydrophilicity, increased spin density, catalytic activities, etc. Doped graphene materials are, therefore, useful for various applications including energy storage, energy conversion, sensing, and gas storage ( Table 2 ).
Supercapacitors
Due to their high power density and long lifecycle, supercapacitors have been intensively researched as energy storage devices.
Graphene, which has the highest specific surface area, offers large electric double-layer capacitance (EDLC). However, chemically inert pristine graphene is not able to provide electrochemical capacitance (pseudocapacitance). Hence, doped graphene materials are promising for supercapacitors because of the preserved large EDLC, improved wettability, and existence of pseudocapacitance. 202 It has been shown that the abundant oxygen groups on rGO enhance its specific capacitance to 189 F g À1 . 203 When compared with O-doped graphene, graphene materials doped with B, N and P are more advantageous because of their better conductivity, stability, chemical reactivity, and sheet-to-sheet separation. A porous B-doped graphene structure synthesized by annealing frozen GO-boric acid composite shows a specific capacitance of 281 F g À1 . 60 N-doped graphene hydrogel (5.86 at% N with dominant pyrrolic N) synthesized by the hydrothermal method yields a large specific surface area of B1500 m 2 g À1 and a high specific capacitance of 308 F g
À1
. 100 The same study also showed that the capacitive performance of N-doped graphene not only depends on the N content but also on the doping configurations. Graphitic and pyridinic N can improve the wettability of doped graphene because of their large dipole moments. Further, graphitic N can facilitate electron transfer, thereby improving the capacitive behavior by lowering the charge-transfer resistance of the electrode at a high current density. 108, 204 Being electrochemically active in an alkaline aqueous solution, pyridinic and pyrrolic N offer high pseudocapacitance. 100 At optimized balancing in N bonding configuration and doping level, a hydrothermally synthesized N-doped graphene (10.13 at%) achieves a specific capacitance of 326 F g À1 and excellent cycling stability (99.85% columbic efficiency after 2000 cycles). 205 Jeong et al. fabricated a N-doped graphene-based flexible (wearable) supercapacitor that exhibits 4 times larger capacitance than its pristine graphene-based counterpart, in both aqueous and organic electrolytes (Fig. 17) . 108 Theoretical calculations suggest that pyridinic N at the basal plane plays a major role for capacitance improvement due to its large binding energy with K + . On the other hand, the strong ionic bonding between negatively charged pyrrolic, and K + is predicted to be disadvantageous for the reversible charge-discharge process (Fig. 17) . Fan et al. synthesized a N-doped graphene (8.7 at%) hollow structure by a thermal annealing of layer-by-layer composited GO, PANI and polystyrene nanospheres. 206 Attributable to the synergistic effect of N-doping and hollow-sphere structure, it exhibits a high specific capacitance even at high current densities (381 F g À1 at 1 A g
high current density of 20 A g
) and outstanding cycling stability (96% retention after 5000 cycles).
Rajalakshmi et al. prepared P-doped graphene by annealing rGO with phosphoric acid at 220 1C. 207 Working as the supercapacitor electrode in 1 M H 2 SO 4 electrolyte, it offers a much higher capacitance (367 F g À1 at scan rate 5 mV s À1 ) than rGO control. 207 Phosphorus on graphene is believed to assume the oxidized form and produces pseudocapacitance. S-and halogen atom doping are also expected to enhance the capacitance of graphene-based electrodes. However, their practical applications in this regard are hindered by the complicated synthesis process, limited doping level and/or low yield. In addition, the pseudocapacitive behaviors from these dopants are unclear.
A few S-doped activated carbon materials have been reported for supercapacitor applications, and sulfone and sulfoxide species formed have been proposed to participate in the redox faradic reactions during the charge-discharge process. 208, 209 Wu et al. synthesized 3D B,N co-doped graphene aerogel (BN-GA, B0.6 at% B and B3.0 at% N) as an additive-free monolithic composite for an all-solid-state supercapacitor (Fig. 18) . 101 
Lithium ion batteries
Lithium ion batteries (LIB) are energy storage devices with a high energy density. However, they have a relatively low power density and poor cycling stability. Pristine graphene is not suitable for Li storage due to (1) its low binding energy towards Li atoms (hence, adsorbed Li atoms tend to cluster on the graphene surface) and (2) high energy barrier for Li to penetrate through the graphene sheet. 212, 213 The existence of defects enables Li penetration and prevents Li clustering due to the strong interaction between Li and defect sites. 213, 214 On the other hand, the abundant defect sites not only compromise the mechanical robustness and electrical conductivity of graphene, but also limit the lateral diffusion of Li.
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Heteroatom doping could be instrumental to optimally balance Li storage and diffusion for graphene-based electrodes. 216 A partial density of states (PDOS) study suggests that a Li atom as a potent electron donor is fully ionized on graphene and interacts with graphene mainly by ionic bonding. 217 Graphene substitutionally doped with B atoms is an electron-deficient system, which is desirable for improving the storage capacity of electron-donating Li. 217, 218 However, the enhanced binding energy between Li and B-doped graphene limits Li diffusion (and therefore, the delithiation process). 217, 219 In contrast, graphene doped with electron-rich graphitic N shows more efficient delithiation because of the electrostatic repulsion between N and Li. 212, 217 However, this comes at the price of reduced Li storage capacity due to the lowered binding energy. Altogether, graphitic B doping promotes LIB capacity, whereas graphitic N doping improves the charge/discharge rate performance. Both these graphitic doping procedures are not able to enhance the penetration of Li through graphene sheets (perpendicular diffusion). 213 Pyridinic and pyrrolic N formed at the edges and defect sites can promote the perpendicular diffusion of Li. 213, 221 In addition, Cao et al. theoretically showed that pyridinic and pyrrolic N have a higher binding energy with Li than that with graphitic N, which is favorable for increasing the storage capacity. 216 On the other hand, the strong coulombic attraction between pyridinic/pyrrolic N and the adsorbed Li + hinders the delithiation process.
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A theoretical study shows that N-doping at divacancy defects facilitates perpendicular penetration, while doping at both monovacancy and divacancy has the desired binding energy to optimally balance the binding capacity and delithiation of Li.
Experimental investigations have been conducted to explore the potential of B-or N-doped graphene as an LIB anode. Reddy et al. reported a CVD-grown N-doped graphene (9.0 at%) anode that achieves a higher reversible discharge capacity (0.05 mA h cm À2 ) than that of pristine graphene. 37 The improved performance is benefited from the dominant pyridinic N species and N-doping induced topological defects. Wang et al. synthesized N-doped graphene (B2 at%) by thermally annealing GO in NH 3 , which offers a high reversible capacity of 900 mA h g À1 (5 times higher than that of pristine graphene) with an excellent rate performance. 68 Using a similar annealing method, Wu et al.
prepared B-doped (0.88 at%) and N-doped (3.06 at%) graphene, which gave high reversible capacities of 1549 or 1043 mA h g À1 with superior high rate performances, respectively. 59 These B-and N-doped graphene anodes also exhibit excellent energy (B34.9 kW kg electrode À1 and B29.1 kW kg electrode À1 ) and power densities (B320 W h kg electrode À1 and B226 W h kg electrode À1 ), respectively, which are much higher than that of pristine graphene. The improved performance is attributed to the increased conductivity, chemical reactivity, and wettability, resulting from heteroatom doping. The doping of other heteroatoms (e.g. O, Si, P, and S and halogen atoms) has also been reported to enhance the LIB performance. The oxygen groups (e.g. carbonyl, ester, carboxylic, epoxide and hydroxyl groups) on GO or rGO can enhance the capacity of LIB via Faradaic reaction with Li, for example, Li + + CQO + e À 2 C-O-Li. 222, 223 However, their instability at high current densities compromises the rate performance of LIB. 59 Theoretical calculations show that the binding of Li to B, Si, and P dopants (but not N and S) are energetically favored. 212 Hou et al. reported a P-doped graphene (1.32 at%) anode with a higher reversible capacity (B460 mA h g À1 ) than that of pristine graphene. 224 The authors attributed this improved performance to the topological defects caused by P doping. 
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Wang et al. fabricated a 3D N,S co-doped graphene hieratical structure (4.2 at% N and 0.94 at% S) as an LIB anode (Fig. 19) . 225 Owing to the synergistic effects between the 3D structure and co-dopants, such LIB exhibits an excellent rate performance and a high reversible capacity of 1137 mA h g À1 , which is B3 times the theoretical capacity of graphite and much higher than pristine graphene. Heteroatom doping can be utilized for the anchoring of nanostructured metal oxides (e.g. SnO 226 In addition to serving as the conducting network, the intercalated N-doped graphene sheets also prevent the aggregation of SnO 2 nanoparticles and provide an elastic buffer space for the volume change of SnO 2 nanoparticles during Li-ion insertion/extraction process, which is crucial for high rate performance and cycling stability.
Fuel cells
Developing a state-of-the-art electrocatalyst system with massproduced and cost-effective materials is pivotal to underpin the industrial operation of fuel cells, in which the sluggish cathodic oxygen reduction reaction (ORR) is often the rate-limiting step. Theoretical and experimental studies have shown that pristine graphene lacks catalytic activities towards ORR and is not efficient in facilitating electron transfer. 231 The deliberate doping of graphene with alien atoms (especially B and N) can transform it to an effective metal-free electrocatalyst for ORR. An electrocatalytic ORR process, depending on the catalyst surface chemistry, often involves complex multiple steps and various adsorbed intermediates. As for the ideal four-electron pathway, oxygen is firstly chemisorbed on the catalyst surface followed by reducing into OH À . B, N and P dopants promote the adsorption of oxygen and O-O bond cleavage because of the charge polarization of the heteroatom-C bond. [232] [233] [234] [235] [236] The catalytic ability of S-or Se-doped graphene originates from the creation of spin density due to orbital mismatch between these heteroatoms and C. 53, 82 In some cases, a charge polarization and spin density increase may simultaneously contribute (e.g., for N-doped graphene). 41, 80, 237, 238 The wrinkles and surface tension induced by large-sized dopants also enhance the ORR kinetics by promoting charge transfer. 239, 240 The binary doping of impurity atoms into graphene (e.g. B-N, 69, 201, 236 P-N, 201 N-S/Se 45, 80, 95 ) reveals the synergistic effects from different co-dopants on the ORR parameters (e.g. onset potential, current density and electron transfer number). A more thorough discussion on B-, N-, P-, S-and Se-doped graphene or other carbon materials for ORR applications can be found in several excellent review articles. 29, 241, 242 Halogen-doped graphene for ORR is much less explored albeit its interesting physicochemical and electrical properties. Jeon et al. synthesized a series of halogenated graphene nanoplates (XGnPs, X = Cl, Br, or I) by a simple ball milling technique and investigated their electrocatalytic performance towards ORR. 51 Halogen atoms are selectively doped at the edge of GnP with a doping level of 5.89 at% Cl, 2.78 at% Br and 0.95 at% I, respectively. As shown in Fig. 20a , the ORR performance of XGnPs increases in the order of IGnP 4 BrGnP 4 ClGnP, which is contrary to the order of the dopant's electronegativity: Cl (3. (Fig. 20c) . This is also attributable to the charge transfer between the halogen and O 2 , the efficiency of which follows the order of Cl o Br o I. In addition to the enhanced catalytic activity, heteroatom doping may also improve the long term stability, selectivity, tolerance to methanol and CO, and electrochemical window (Fig. 20b) . Therefore, doped graphene materials are promising to replace the currently used precious metal catalysts (e.g., Pt). Yao et al.
reported the excellent ORR performance of I-doped graphene synthesized by simple thermal annealing, which exhibited comparable onset potential, but higher current density as compared with Pt/C electrode. 85 Despite the tremendous progress in the use of dopedgraphene materials as a metal-free catalyst, the mechanisms of doping induced ORR enhancement is still not completely understood. In fact, some theoretical and experimental results are contradicting to each other, 65, 70, 71, 74, [244] [245] [246] resulting from the large heterogeneity in the properties and structures of doped-graphene materials obtained from the current synthesis methods. The possible existence of a trace amount of metal species introduced by the synthesis procedures may also affect the ORR performance and hence, lead to misinterpretation. 58, 247, 248 The understanding of binary and ternary doped graphene materials is even more challenging. Doped graphene materials have also been employed as anode materials, especially in direct methanol fuel cells (DMFC). Heteroatom-doped graphene with uniform and dense decoration of precious metal catalysts can improve the catalytic activity and durability of the electrode. 249 Wang et al. used S-doped graphene/ Pt nanowire composite (S-doped graphene/PtNW) as both the cathode for ORR and anode for methanol oxidation reaction (MOR) (Fig. 21a and b) . 81 Towards ORR, it exhibits a higher current density and a lower reduction potential than the state-ofthe-art Pt/C catalyst (Fig. 21c) . In the case of MOR, the S-doped graphene/PtNW electrode gives B3 times higher peak current density in comparison with Pt/C electrode (Fig. 21d) .
N-doped graphene-CNT hybrid with coated PtRu has also been used as a DMFC anode, which offers a higher (42 times) power density than the commercial PtRu/C catalyst. 250 N dopants facilitate PtRu immobilization, rendering a better stability in MOR. The outstanding MOR electrocatalytic performance has also been observed for Pt-and PtAu-modified N-doped graphene materials. . DSSCs are intensively researched photovoltaic devices to deal with the increasing global energy demand and environmental challenges. The counter electrode in DSSC should be highly catalytic to ensure rapid triiodide reduction and low overpotential. Since oxygen functional groups on graphene can promote the reduction of I 3 À to I À , it has been demonstrated that a DSSC device with a rGO-based counter electrode (with optimized C/O ratio) exhibits a comparable power conversion efficiency (PCE) of 4.99% to that of an expensive Pt counter electrode (5.48%). 252 Xu et al.
fabricated a counter electrode using a layer-by-layer composition of GO and PDDA (a cationic polymer), followed by electrochemical reduction (ER). 253 DSSC using PDDA@ERGO as the counter electrode and heteroleptic Ru complex C106TBA as the sensitizer reaches a high PCE of 9.5%. The excellent catalytic performance can be attributed to the synergistic effect of oxygen functional groups on ERGO and positively charged N groups in PDDA. Furthermore, such a counter electrode exhibited excellent PCE retention (82% even after 1000 h of light soaking with a full solar intensity of 1000 W m À2 ). 
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A counter electrode with an optimal balance between conductivity and electrocatalytic activity is crucial. B-and N-doped graphene materials are not only highly catalytic to triiodide reduction but also generally more conductive to rGO. Dai et al. demonstrated a DSSC equipped with a N-doped graphene (7.6 at%) foam (NGF) counter electrode that offered a PCE of 7.07% as compared to that of a Pt electrode. 254 The NGF electrode exhibited a lower charge transfer resistance (R ct = 5. reported the enhanced electrocatalytic activity of graphene towards I 3 À /I À after CF 4 -plasma treatment because of the catalytically created active edges, and F-doping enhanced interfacial electron-transfer. 257 It has also been shown that B-doped graphene can serve as the back electrode with the desired ohmic contact to improve the hole-collection ability and photovoltaic efficiency of quantum-dot sensitized solar cells. ). An additional nitric acid fume treatment of B-doped graphene further enhanced the solar cell performance, because additional p-doping by nitric ions increased the electrical conductivity and reduced R ct . 258 In a similar mechanism, covalent and ionic
Cl doping increases the PCE of a heterojunction solar cell from 5.52% to 8.94%. Organic solar cells (OSCs) are photovoltaic devices possibly with high flexibility, scalable fabrication process and low manufacturing cost. Bulk heterojunctions (BHJs) produced by the phase-separated blending of electron donors and acceptor materials are most commonly used in OSC devices. Heteroatomdoped graphene sheets can be used to improve conductivity, charge transfer, and thermal and chemical stability of the active layer in BHJ-OSC. Jun et al. incorporated N-doped rGO (B8 at%) to the active layer of BHJ-OSC and found a large increase of J sc and PCE in comparison with the device without graphene additives or with the addition of undoped rGO ( Fig. 23a and b) . 259 N-doping induces an increase of the work function (B0.4 eV), which, in turn, reduces the R ct value between the active polymer and graphene (Fig. 23c) . The maximum PCE of B4.39% with J sc of B14.86 mA cm À2 was obtained with 0.5 wt% addition of N-doped rGO. Overloading causes the agglomeration of graphene sheets and parasitic paths for current leakage.
Sensors
4.5.1 Electrochemical sensors. The performance of electrochemical sensors can be improved by the use of doped graphene materials because the electrochemically active sites introduced by heteroatom doping are able to facilitate charge transfer, adsorption and activation of analytes, and anchoring of functional moieties or molecules (e.g., analyte-specific enzymes). The intrinsic catalytic activity of doped graphene towards the analytes may eliminate the need of recognition elements or mediators (e.g., antibodies or enzymes), rendering the sensors with lower cost and higher stability.
Hydrogen peroxide (H 2 O 2 ), which is an important signaling molecule to cells and byproduct of many biological processes, can be directly reduced by heteroatom doped graphene. Shao et al. reported an enzyme-free H 2 O 2 sensor based on N-doped graphene electrode. 260 The sensor exhibited high sensitivity and a wide linear detection range (10
À5
-2.8 mM) because nitrogeninduced charge delocalization weakens the O-O bond of H 2 O 2 and the electron-donating ability of N-dopants is advantageous for the reduction reaction. A N-doped graphene (4.5 at%) based H 2 O 2 sensor with a wide linear range (0.5 mM-1.2 mM), low detection limit (0.05 mM), more positive onset reduction potential, and higher reduction current density was developed by Wu et al. 87 The improved performance is due to the narrowed (50% reduction) HUMO-LUMO gap (and hence, higher chemical reactivity) after N-doping. Taking the advantages of the high sensitivity and specificity (against interference from other ROS species) of N-doped graphene, the authors also demonstrated the detection of the triggered release of H 2 O 2 from live cells. Similarly, Yang et al. reported a microwave-synthesized B,N co-doped graphene sensor for the highly sensitive detection of H 2 O 2 and its dynamic release from leukemia cells. 261 The co-doped graphene outperformed (linear range: 0.5 mM to 5 mM; detection limit: 0.05 mM) the graphene sensor with single dopant only (B or N) because the charge polarization induced by B and N co-doping leads to better catalytic activity.
As the enzymatic catalysis of glucose is accompanied by the production of H 2 O 2 , N-doped graphene is also promising for glucose sensing by compositing with glucose oxidase (GOD). Wang et al. reported an amperometric sensor based on GOD/ N-doped graphene electrode, with a linear detection range of 0.1-1.1 mM and detection limit of 0.01 mM. 262 Owing to the high density of electronic states and active surface chemistry, N-doped graphene facilitates electron transfer from the catalytic center of GOD to the electrode surface. N-doped graphene prepared by annealing GO with melamine was used to simultaneously and differentially detect ascorbic acid (AA), dopamine (DA) and uric acid (UA) with high sensitivity (detection limits of 2.2 mM, 0.25 mM, and 0.045 mM, respectively). 263 The high sensitivity is ensured by the strong hydrogen bonding and/or p-p interaction between the N-dopants and the target molecules. Li et al. found that pyrrolic N is the most reactive to these molecules. 264 N-doped graphene has also been used to electrochemically detect Bisphenol A, a widely used industrial raw material, with a detection limit as low as 5 nM. 265 Guo et al. synthesized N,S co-doped graphene (6.11 at% N dominated by pyridinic N, 1.1 at% S dominated by sulfide bonds) by reducing GO using sulfate-reducing bacteria (Fig. 24) can transform graphene from a semimetal to a semiconductor (with p or n-type characteristics), is advantageous for electronic detection based on the field effect. 8 Kwon et al. demonstrated a field-effect transistor (FET) based on N-doped graphene for the ultra-sensitive detection of vascular endothelial growth factor (VEGF) with a detection limit as low as 100 fM (Fig. 25) . 39 Such N-doped graphene (n-type) was conjugated with anti-VEGF RNA aptamer for the specific recognition of VEGF binding. The binding of positively charged VEGF molecules resulted in the increase of the source-drain current in a concentration dependent manner. Heteroatom doping can create active sites for the strong adsorption of gas molecules, which, in turn, leads to a dramatic change of graphene conductance. It has been theoretically proven that various electronic sensors can be developed for gas sensing. Zhang et al. suggested that B-doped graphene can be used for the sensitive detection of NO 2 . 269 Dai et al. showed that NO and NO 2 can be electrically detected by B or S-doped graphene devices. 184 Graphene with metal (e.g., Fe, Co) or Si dopants could be used for H 2 S sensing. 270 However, for practical gas sensors, the possible inference from O 2 molecules should be considered. It has been found that Si-and P-doped graphene yield the stable chemisorption of O 2 , whereas B-and N-doped graphene are inert to O 2 . 271 The strong chemical reactivity of Si-doped graphene with O 2 and NO 2 was also reported by Zou et al. 190 Despite proven potentials, the experimental demonstrations of doped graphene for gas sensing are rare till now. Using N,Si co-doped graphene for the electrical detection of NO 2 was recently presented (Fig. 26a) . 272 N,Si co-doped graphene, synthesized by simply annealing GO in the presence of Si-containing IL, shows a resistance decrease while exposed to NO 2 gas (B26% reduction at 21 ppm and 8.8% at 1 ppm) (Fig. 26b) . Contradictory to the expectation from the strong chemisorption of NO 2 on Si-doped graphene, 190 this sensor shows excellent reversibility.
This discrepancy may be explained by the low abundance of Si dopants and the doping configurations different than those assumed in the simulation study. 4.5.3 Sensors based on surface-enhanced Raman spectroscopy (SERS). Sensors based on SERS are able to detect the low presence and signature of the analytes utilizing electromagnetic effects induced by precious metal nanoparticles and/or charge transfer effects. It has been shown that the binding of organic molecules on a graphene surface can produce large SERS enhancement, which is attributed to the charge transfer between the target molecules and graphene. 273 The highly polarized heteroatom-C bonds induced by doping may promote the charge transfer between the bound analytes and graphene (hence, improving the SERS signal). As shown by a DFT study, substitutional B-doping can increase the SERS signal of pyridine by 3-4 orders, accompanied with a frequency shift of B30 cm
À1
. 274 This is attributed to the charge transfer between the negatively charged N atom of pyridine and positively charged B atom of graphene. As for the case of graphitic N doping (however, with a weaker response than B-doped graphene), the SERS enhancement is proposed to originate from the p electron transfer from graphene to pyridine.
Lv et al. experimentally demonstrated the first SERS sensor based on N-doped graphene. 275 N-doped graphene (0.25 at%, two N atoms separated by one C atom in the same A sublattice as the dominant configuration) synthesized by atmosphericpressure CVD was used to probe rhodamine B (RhB) molecules (Fig. 27 ). In comparison with pristine graphene, its N-doped counterpart gave a 10 times stronger signal at 1650 cm À1 for the fingerprints of RhB with additional vibration peaks at 1282 cm À1 , 1531 cm À1 and 1567 cm À1 (Fig. 27c) . The charge transfer (p-doping)
by RhB underlies the detection.
Gas storage
Hydrogen is an ideal energy carrier with a non-polluting nature and high energy density. However, its storage is currently a huge technical hurdle for transportation and practical applications. Modifying graphene materials with metal nanoparticles (e.g. alkali and alkaline earth metals) can improve the gravimetric storage capacity via the polarization-induced interaction between metal and hydrogen atoms. 276 However, decorated nanoparticles suffer from aggregation and poor stability. Heteroatom doping can assist nanoparticle dispersion and high coverage on graphene, as well as H 2 adsorption. Parambhath et al. synthesized pyrrolic-N dominant graphene (7 at%) for H 2 storage. 277 In comparison with undoped graphene, it increased the H 2 storage capabilities by 66% (0.88 wt%) at 25 1C and 2 MPa. A further 124% enhancement was achieved with an additional decoration of Pd nanoparticles. The highly dispersed and strongly bonded Pd nanoparticles promote H 2 dissociation and the resulting hydrogen atom migration to the B-doping-induced graphene polarization and electron deficiency is also favorable for hydrogen adsorption, which is even more effective than graphitic-N doping. 118, 280 Theoretical calculations show a high H 2 storage capacity (8.38 wt%) of Ca-decorated B-doped (12 at%) graphene. 281 Further, the desirable interaction between H 2 and B,Ca-decorated graphene makes H 2 storage possible even at room temperature and ambient pressure. Developing techniques to capture greenhouse gases (e.g., CO 2 ) is critical to deal with global warming. Kim et al. reported a high gravimetric CO 2 storage capacity (2.7 mmol g À1 at 298 K and 1 atm) of N-doped graphene, which is comparable to that of PANI-graphene composite at high pressure. 282 The superior performance is attributable to the strong interaction between the N-dopants and CO 2 molecules. It is also demonstrated that these N-doped graphene materials possess high recycling stability and selectivity over N 2 , CH 4 and H 2 . Heteroatom-doped graphene could be used to capture other gases considering its high binding affinity with other gas molecules (e.g., NO, NO 2 , SO 2 ). 184 
Summary and perspectives
As discussed in this article, heteroatom doping can endow graphene with various new electromagnetic, physicochemical, optical, and structural properties, depending on the dopants and doping configurations. This greatly extends the arsenal of graphene materials and their potential for a spectrum of applications. Different approaches have been developed for heteroatom doping. Doping type, level and configurations (hence, the properties of obtained materials) are critically determined by the chosen precursors, starting graphene material, reaction time, temperature, etc. Despite the tremendous progress made thus far, it is, however, still a current challenge to precisely control heteroatom doping. Based on both experimental and theoretical studies, we have comparably discussed the distinct effects induced by specific dopants, different bonding configurations of a given dopant, and synergistic actions between co-dopants. However, the current understanding on the properties of doped graphene materials is still far from complete and sometimes even contradictory because of the large and uncontrolled heterogeneity of the materials obtained from the current synthesis approaches. The emerging applications of doped graphene materials for energy storage, energy conversion, sensors, and gas storage have been surveyed in the present study. We envision that a better understanding on the doping mechanisms and doping properties based on both theoretical and experimental investigations, further development of controllable synthesis methods, and incorporation of new dopants will greatly extend the application scope of doped graphene materials. As different dopants, doping configurations and their relative ratios, and compositions of co-dopants confer graphene with distinct properties, the selection and engineering of these parameters should be application-specific. For example, multi-dopants with an optimal balance, which can simultaneously enhance charge polarization, spin density, and conductivity, are desired for ORR.
When graphene transforms from its native 2D structure to 1D (nanoribbons) or 0D (graphene quantum dots. GQD), dramatically altered or new properties arise due to quantum confinement and edge effects. Although not discussed here, we speculate that heteroatom doping on 1D and 0D graphene materials will open up new horizons in graphene research and applications. For example, it has been shown that the fluorescent properties of GQDs can be tailored by heteroatom doping for novel bio-imaging or optical sensing applications. [283] [284] [285] [286] Graphene research will continue to thrive because of the new opportunities provided by heteroatom doping. This article aims to provide useful clues for developing new and controllable synthesis methods and a better understanding of the properties of doped graphene materials. We also hope that it will inspire more exciting applications of this growing family of nanomaterials. 
